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HIGHLIGHTS 


•  Vanadium  trioxide  and  carbon  nanocomposites  were  synthesized  by  a  simple  polymer-pyrolysis  assisted  method. 

•  The  metal  complex  atomistically  distributed  throughout  the  viscous  polymer  structure. 

•  The  as-prepared  vanadium  trioxide  and  carbon  nanocomposites  electrode  possesses  superior  battery  performance. 
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We  present  a  simple  polymer-pyrolysis  assisted  method  to  prepare  vanadium  trioxide  and  carbon 
nanocomposites  as  an  advanced  anode  material  for  lithium-ion  batteries.  The  as-prepared  material 
deliver  a  superior  battery  performance  with  highly  retained  capacity  of  ~  780  mAh  g-1  over  100  cycles  at 
a  current  density  of  200  mA  g_1,  showing  excellent  cyclic  stability,  and  good  rate  capability.  The 
improved  electrochemical  performance  of  vanadium  trioxide  and  carbon  nanocomposites  electrode 
makes  it  promising  as  a  suitable  anode  material  for  practical  battery  applications. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  the  past  decade,  rechargeable  lithium-ion  batteries  (LIBs) 
have  been  extensively  used  as  power  sources  for  electronic  devices 
[1].  Afterward,  an  increasing  attention  was  diverted  to  explore 
suitable  power  supplies  for  electrical/hybrid  vehicles  thus  greatly 
increasing  market  demand  for  materials  with  high  specific  capacity, 
durable  cyclic  stability,  good  rate  capability  and  cost-effective  to 
replace  the  commercially  successful  graphitic  anode  (372  mAh  g_1). 
As  a  result,  intense  research  aims  to  explore  new  electrode 
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materials  with  enhanced  electrochemical  performance  for  LIBs. 
Transition-metal  oxides,  such  as  FesCU,  C03O4  and  M0O3,  have  been 
widely  investigated  as  potential  anode  materials  for  LIBs  due  to 
their  high  theoretical  capacity  2-4].  Among  them,  vanadium 
trioxide  (V2O3)  has  been  identified  as  a  viable  candidate  for  LIBs 
because  of  its  high  theoretical  capacity  (1070  mAh  g-1),  low  toxicity 
and  natural  abundance  5].  However,  progress  on  the  application  of 
V2O3  as  anode  material  in  LIBs  lags  behind  other  transition-metal 
oxides  due  to  its  perceived  disadvantage  resulting  from  its  poor 
conductivity  6].  Therefore,  to  improve  the  conductivity  of  V2O3, 
conductive  carbon  has  to  be  incorporated  into  the  system,  which 
also  serves  as  cushion  layer  to  accommodate  the  volume  change 
during  the  cycle  processes. 

Herein,  we  report  a  polymer-pyrolysis  assisted  route  to  prepare 
vanadium  trioxide  and  carbon  nanocomposites  (V203/C  NCs). 
Compared  with  carbon  free  V2O3  nanoparticles  (C-free  V2O3  NPs) 
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electrode  prepared  under  the  same  experimental  conditions,  the 
as-prepared  V2O3/C  NCs  electrode  possesses  much  better  electro¬ 
chemical  performance,  such  as  high  specific  capacity,  excellent 
cyclic  stability,  and  good  rate  capability. 

2.  Experimental 

The  V2O3/C  NCs  were  synthesized  by  a  simple  polymer-pyrolysis 
assisted  method  as  follows.  First,  0.81  g  oxalic  acid  (H2C2O4)  and 
0.54  g  commercial  vanadium  pentoxide  (V2O5)  were  dissolved  in 
5  mL  distilled  water  under  stirring  at  room  temperature  until  the 
color  of  the  solution  changed  from  yellow  to  blue  [7  .  Then,  0.25  g 
glucose  (C6H12O6)  and  0.45  g  polyethylene  oxide  (PEO,  Relative 
molecular  mass:  500000)  were  successively  added  to  the  above 
solution  under  active  stirring  at  60  °C  until  a  homogeneous  viscous 
liquid  was  obtained.  The  general  idea  is  to  distribute  the  metal 
complex  atomistically  throughout  the  viscous  polymer  structure  so 
that  the  precursor  solution  generates  in  situ  a  polar  mesoporous 
carbonaceous  material  during  the  evaporation  process  [8].  Next, 
the  resulting  viscous  liquid  was  dried  at  80  °C  for  24  h  to  complete 
dehydration  and  form  a  well-distributed  polyacrylate.  Finally,  the 
obtained  copolymeric  product  was  annealed  at  600  °C  for  3  h  under 
argon  atmosphere. 

Phases  of  the  products  were  characterized  by  micro-area  X-ray 
diffraction  (XRD,  Philips  X’Pert  MRD).  Raman  spectroscopy 
(Renishaw  2000,  Raman  microscope  with  633  nm  argon  ion  laser) 
was  employed  to  verify  chemical  bonding  characteristics  of  V2O3 
and  carbon.  The  morphological  characteristics  of  V2O3/C  NCs  were 
investigated  by  scanning  electron  microscopy  (SEM,  Philips,  XL 


30FEG).  The  electrochemical  measurements  were  performed  using 
coin  cells  (2032)  with  lithium  foil  as  counter  electrode.  The  working 
electrodes  were  prepared  by  mixing  the  active  material  (V2O3/C 
NCs),  acetylene  carbon  black  and  polyvinylidene  fluoride  (PVDF) 
with  a  weight  ratio  of  80:10:10  dissolved  in  1 -methyl-2 -pyrrolidi- 
none  (NMP)  to  form  a  slurry  which  was  uniformly  coated  on  copper 
foil  and  dried  at  100  °C  for  8  h  in  a  vacuum  oven.  Celgard  2032 
(Celgard,  Inc.,  USA)  served  as  the  separator  and  a  solution  of  1  M 
LiPF6  in  ethylene  carbonate/dimethyl  carbonate  (EC: DEC  =  1:1,  v/v) 
as  the  electrolyte. 

Cyclic  voltammograms  (CV)  were  obtained  on  a  CEII-660C 
electrochemical  workstation,  on  which  electrochemical  imped¬ 
ance  spectroscopy  (EIS)  measurements  were  also  conducted  in  a 
frequency  range  from  10  mEIz  to  100  kEIz  with  a  potentiostatic 
signal  amplitude  of  5  mV.  Galvanostatic  discharge/charge  cycling 
measurement  was  performed  on  an  Arbin  Instruments  (BT  2000, 
College  Station,  Texas,  USA)  battery  test  system  at  various  C  rates 
(1C  =  1000  mA  g_1)  between  5  mV  and  3  V  versus  Li+/Li  at  room 
temperature.  Note  that  the  mass  of  carbon  was  included  when 
calculating  the  capacity  of  V2O3/C  NCs. 

3.  Results  and  discussion 

Fig.  1(a)  shows  the  morphology  of  the  V2O3/C  NCs.  The  voids  can 
be  observed  between  particles,  which  were  produced  by  CO  and 
C02  release  when  the  precursor  decomposed  during  annealing 
process  [7].  It  has  been  suggested  that  the  voids  enable  rapid 
electrolyte  transport  and  consequently  more  efficient  ion  diffusion 
and  better  energy  storage  [9].  The  crystalline  structure  of  the  V2O3 / 
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Fig.  1.  (a)  SEM  image  and  (b)  XRD  pattern  of  V20 3/C  NCs;  Raman  spectra  of  (c)  C-free  V203  NPs  and  (d)  V203/C  NCs. 
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C  NCs  was  examined  by  XRD.  A  representative  spectrum,  Fig.  1(b), 
shows  that  all  the  diffraction  peaks  and  relative  intensities  of  V2O3 
are  consistent  with  those  of  V2O3  (PDF  001-1293),  confirming  the 
good  crystallinity  of  the  product.  The  conspicuous  and  broad  peaks 
at  -26°  and  -44°  are  attributed  to  disordered  carbon  generated 
from  thermal  decomposition  of  glucose  [10].  This  is  further 
confirmed  by  Raman  spectroscopy  as  shown  in  Fig.  1(c),  which 
clearly  shows  the  existence  of  carbon  and  vanadium  oxide  in  the 
composites.  The  Raman  spectrum  of  V2O3  has  been  scarcely  re¬ 
ported  due  to  its  poor  light  scattering,  especially  in  the  presence  of 
carbon  composites  [11].  The  peaks  displayed  below  1000  cm'1 
correspond  to  the  characteristic  features  of  crystalline  vanadium 
oxide  as  reported  previously  [6,12].  In  addition,  two  broad  peaks  at 
-  1340  cm-1  and  -  1600  cm-1  corresponding  to  the  D  and  G  bands 
of  disordered/graphitic  carbon  [13],  respectively,  are  clearly 
observed  in  the  spectrum  of  Fig.  1(c).  Compared  to  the  G  band,  the 
stronger  intensity  of  the  D  band  indicates  the  disordered  amor¬ 
phous  nature  of  the  carbon  in  the  composites.  The  Raman  spectrum 
of  C-free  V2O3  NPs  is  also  shown  in  Fig.  1(d)  which  possesses  similar 
peaks  below  1000  cm-1  with  those  of  V2O3/C  NCs. 

The  electrochemical  performance  of  the  V2O3/C  NCs  is  shown  in 
Fig.  2.  The  CV  analysis  was  applied  to  investigate  the  electro¬ 
chemical  details  between  5  mV  and  3  V  at  a  scan  rate  of  0.1  mV  s_1 
for  the  first  three  cycles  as  shown  in  Fig.  2(a).  Two  peaks  clearly 
appeared  at  voltage  potentials  of  -0.72  and  -1.38  V  in  the  first 
cathodic  cycle  and  disappeared  in  the  subsequent  cycles,  which 
could  be  attributed  to  an  irreversible  reaction  related  to  electrolyte 
decomposition  and  formation  of  a  solid  electrolyte  interface  (SEI) 
layer  [14].  In  the  anodic  scan,  a  broad  peak  related  to  the  oxidation 
reaction  at  -2.05  V  was  recorded.  Furthermore,  there  is  no 
noticeable  change  of  peak  intensity  and  integrated  areas  for  both 


cathodic  and  anodic  peaks  after  the  first  cycle,  thus  suggesting  the 
good  electrochemical  reversibility  of  the  V2O3/C  NCs  electrode. 
Fig.  2(b)  shows  the  galvanostatic  discharge/charge  profile  of  the 
V2O3/C  NCs  electrode  at  the  rate  of  0.1  C  between  0.05  and  3  V 
(versus  Li+/Li)  for  the  first  five  cycles.  The  initial  discharge  and 
charge  capacities  of  the  V203/C  NCs  electrode  were  as  high  as  1441 
and  969  mAh  g1  with  a  Coulombic  efficiency  of  67.2%.  The  elec¬ 
trochemical  conversion  reaction  mechanism  of  Li  and  V2O3  can  be 
described  as  follows: 

V2O3  +  xLi+  +  xe  <-►  LixV203  (1) 

LixV203  +  (6  -  x)Li+  +  (6  -  x)e  ~  2V  +  3Li20  (2) 

During  discharge,  lithium  ions  are  firstly  inserted  into  V2O3  to 
form  LixV203  as  shown  in  Eq.  (1)  [15,16].  While  more  Li+  ion  are 
inserted  with  the  decrease  of  potential,  LixV203  were  totally 
reduced  to  metallic  vanadium  accompanying  the  formation  of  L^O, 
as  shown  in  Eq.  (2)  [6].  During  the  charge  process,  the  reverse  re¬ 
actions  occur.  However,  it  is  difficult  to  drive  the  reverse  reactions 
to  proceed  completely  to  the  same  extent  as  the  starting  materials 
of  forward  reactions  due  to  over  potential  [17,18].  This  is  why  the 
initial  Coulombic  efficiency  is  a  little  low.  The  absence  of  remark¬ 
able  flat  potential  plateaus  on  the  discharge/charge  curves  could  be 
ascribed  to  several  smoothly  transition  species  originating  from  the 
multivalence  of  vanadium  [6,19].  The  relationship  that  the  valence 
state  decreases  with  decreasing  potential  was  also  reported  for 
other  transition-metal  oxides  [20-22].  The  initial  discharge  ca¬ 
pacity  is  higher  than  theoretical  capacity  of  V2O3;  similar  phe¬ 
nomena  has  been  usually  reported  for  transition-metal  oxides 
anode  and  is  usually  attributed  to  the  formation  of  a  pseudo- 


Fig.  2.  (a)  Cyclic  voltammograms  and  (b)  galvanostatic  discharge/charge  profile  of  the  V20 3/C  NCs  electrode;  (c)  cyclic  performance  and  (d)  rate  capability  of  C-free  V203  NPs  and 
V203/C  NCs  electrodes,  respectively. 
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capacitive  gel  like  film  resulting  from  the  electrolyte  decomposition 
at  low  voltages  that  cause  the  high  irreversible  capacity  [23].  The 
capacity  of  the  V2O3/C  NCs  electrode  remains  almost  unchanged 
through  the  subsequent  four  cycles  while  the  Coulombic  efficiency 
exceeds  99%  on  the  fifth  cycle,  which  can  be  ascribed  to  the  effi¬ 
ciently  synergetic  effect  between  V203  and  carbon. 

Fig,  2(c)  shows  the  comparison  of  cyclic  performance  between 
the  V2O3/C  NCs  and  C-free  V2O3  NPs  electrodes  at  a  constant  cur¬ 
rent  rate  of  0.2  C.  As  expected,  the  V2O3/C  NCs  electrode  demon¬ 
strates  a  better  cyclic  retention.  A  high  reversible  capacity  remains 
-730  mAh  g  1  over  10  cycles,  then  gradually  increases  to 
-  780  mAh  g-1  after  100  cycles.  In  contrast,  the  V203  NPs  electrode 
initially  exhibits  a  lower  capacity  of  -460  mAh  g-1  over  10  cycles, 
then  its  capacity  increases  to  -520  mAh  g-1  after  100  cycles.  This 
behavior  effectively  proves  the  positive  impact  of  carbon  incorpo¬ 
ration  in  the  composites.  The  capacity  rise  after  prolonged  cycling 
has  been  observed  for  other  anode  materials  and  has  been  attrib¬ 
uted  to  a  possible  activation  process,  in  which  the  irreversible  Li20 
formed  during  early  cycles  could  be  re-exposed  due  to  progressive 
pulverization  resulting  from  electrochemical  grinding  effects 
[24,25].  To  further  evaluate  the  rate  capability  of  the  electrodes, 
new  cells  were  assembled  and  cycled  by  increasing  the  current 
rates  from  0.1  to  2  C  as  shown  in  Fig.  2(d).  Obviously,  the  V2O3/C  NCs 
electrode  exhibits  higher  reversible  capacities  than  the  V2O3  NPs 
electrode  at  all  measured  current  rates.  Furthermore,  a  stable  ca¬ 
pacity  —  780  mAh  g-1  was  recovered  when  returning  the  current 
rate  to  0.2  C  and  a  slight  capacity  increase  was  observed  for  another 
10  cycles,  demonstrating  the  excellent  reversibility  of  the  V2O3/C 
NCs  electrode. 

EIS  further  illustrates  the  merits  of  the  V2O3/C  NCs  electrode 
compared  to  the  C-free  V2O3  NPs  electrode.  The  Nyquist  plots  (Z'  vs. 
— Z")  for  the  assembled  electrodes  in  the  frequency  range  from 
100  kFIz  to  10  mFIz  are  shown  in  Fig.  3.  The  high-frequency  semi¬ 
circle  can  be  attributed  to  the  formation  of  a  passivation  layer  (SEI) 
which  creates  a  corresponding  impedance  at  the  surface  of  the 
working  electrode  in  contact  with  the  electrolyte  [26].  The  semi¬ 
circle  at  intermediate  frequency  describes  the  charge  transfer 
impedance  (Rc t)  through  the  electrode/electrolyte  interface,  which 
is  considered  a  large  proportion  of  the  overall  cell’s  kinetic 
impedance  [27].  The  sloping  line  at  low  frequency  region  known  as 
Warburg  impedance,  represents  the  Li+  ion  diffusion/transport  in 
the  electrolyte  to  the  electrode’s  surface  [28].  It  is  obvious  that  the 
size  of  the  semicircle  for  V2O3/C  NCs  electrode  is  smaller  than  that 


of  C-free  V2O3  NPs  electrode,  indicating  the  enhanced  charge 
transfer  at  the  electrode/electrolyte  interface.  In  the  low  frequency 
region,  the  smaller  slope  of  the  V2O3/C  NCs  compared  to  the  C-free 
V2O3  NPs,  is  a  further  evidence  of  the  faster  Li+  ion  diffusion/ 
transport  behavior  of  the  V2O3/C  NCs  electrode.  These  results  are 
consistent  with  an  increased  contact  area  and  clearly  demonstrate 
the  enhanced  electrical  conductivity  of  the  V2O3/C  NCs  electrode. 
The  enhanced  electrical  conductivity  and  faster  Li+  ion  diffusion/ 
transport  in  the  V2O3/C  NCs  electrode  due  to  the  incorporation  of 
carbon  in  the  composites. 


4.  Conclusion 

In  summary,  V2O3/C  NCs  have  been  successfully  prepared 
through  the  thermolysis  of  a  polymer  matrix-based  metal  precur¬ 
sor  solution.  The  V2O3/C  NCs  electrode  presented  outstanding 
electrochemical  performance  due  to  the  synergetic  effect  between 
V2O3  and  carbon  in  the  composites.  The  assembled  electrode  could 
deliver  a  high  capacity  of  -780  mAh  g-1  up  to  100  cycles  at  a 
current  density  of  200  mA  g-1  with  excellent  cyclic  stability,  and 
good  rate  capability.  Accordingly,  the  polymer-pyrolysis  assisted 
V2O3/C  NCs  are  considered  as  a  potential  anode  material  for  LIBs. 
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